Introduction
============

Inflammatory bowel disease (IBD) is a serious health problem worldwide, and the incidence of IBD has increased annually. The highest annual incidence of UC was from 6.3 to 24.3 per 100,000 person-years. The highest annual incidence of CD was from 5.0 to 20.2 per 100,000 person-years ([@b1-mmr-18-06-5652]). It seriously affects quality of life and has a major social and economic impact. The annual cost of treatment puts a heavy burden on patients and families, so it is not only a medical problem but also a social issue. The exact etiology and pathogenesis of IBD is not completely known. However, hypoxia serves an important function in the inflammatory and injury response ([@b2-mmr-18-06-5652]). Colonic mucosal hypoxia may occur in patients with IBD. When the availability of oxygen is a limiting factor, tissues become hypoxic, which results in the activation of adaptive pathways to enable the survival of hypoxic episodes. The primary pathway activated is the hypoxia inducible factor (HIF) pathway, which is central to the adaptive and inflammatory responses of cells of the intestinal mucosa in patients with IBD ([@b3-mmr-18-06-5652]). Experimental and clinical studies have reported that HIF-1α and HIF-2α are activated in IBD patients ([@b2-mmr-18-06-5652],[@b4-mmr-18-06-5652]).

At present, 5-aminosalicylic acid and its analogs, corticosteroids or alternative immunomodulatory drugs are used for the treatment of active IBD. However, maintenance of remission is limited, and the irreversible and the severe adverse drug effects should not be ignored ([@b5-mmr-18-06-5652],[@b6-mmr-18-06-5652]). Given the limitations of current standards of practice in prevention and treatment of IBD, it is essential to investigate alternative strategies with high efficacy, but with fewer toxic adverse effects.

The role of intestinal flora in the pathogenesis of IBD is notable. Molecular and genome-wide studies have identified distinct alterations in the gut microbiota of IBD and have elucidated the importance of dysbiosis of the gut microbiota in the etiopathogenesis of IBD ([@b7-mmr-18-06-5652],[@b8-mmr-18-06-5652]). In the human body, probiotics have a nutritional value and serve important roles in protection of the intestinal mucosa, regenerating and maintaining the integrity and stability of the environment. Therefore, the application of probiotics in the treatment of IBD has become a research focus in recent years.

The non-pathogenic yeast *Saccharomyces boulardii* has been demonstrated to be effective in the prophylaxis and the treatment of a variety of diarrheal diseases ([@b9-mmr-18-06-5652]). It is suggested that this probiotic yeast has beneficial properties, including improving the gut immune response and the intestinal barrier ([@b10-mmr-18-06-5652],[@b11-mmr-18-06-5652]). Previous clinical studies have indicated that *S. boulardii* may also be effective in IBD ([@b12-mmr-18-06-5652],[@b13-mmr-18-06-5652]). However, the mechanisms underlying the protective actions of *S. boulardii* are not well understood; in addition, the relationship between *S. boulardii* and HIF is unknown. The aim of the present study was to examine the effects of *S. boulardii* treatment in a mouse model of dextran sulfate sodium (DSS)-induced colitis and to investigate the underlying mechanisms through the examination of the expression levels of HIF-1α and HIF-2α in mice with DSS-induced colitis.

Materials and methods
=====================

### Animals and experimental design

A total of 50 male BALB/c mice (age, 6--8 weeks) were purchased from the Center of Experimental Animals of China Medical University (Shenyang, China). The mice were housed 5 per cage in a clean animal room under standard conditions of temperature (25±2°C) and humidity (50--60%) on a 12-h light/dark cycle and were fed with standard laboratory chow and water *ad libitum*. All animal experiments were performed in accordance with the Animals Scientific Procedures Act (1986) and were approved by the Ethics Review Committee for Animal Experimentation of the China Medical University (Liaoning, China).

Following a 7-day acclimation period, the mice were randomly divided into five groups of (n=10 mice/group): i) Control; ii) DSS only; iii) S. *boulardii* (*Sb*) + DSS; iv) normal saline (NS) + DSS; and v) *Sb* only. For 14 consecutive days, mice in the *Sb*+DSS and *Sb*-only groups were given a suspension of *S. boulardii* in saline (150 mg/kg/day; final volume 0.2 ml) by oral gavage. Mice in the NS+DSS group received the same volume of NS by gavage. The Control mice received water only. From day 8, mice in the DSS, *Sb*+DSS and NS+DSS groups received 3.5% DSS (MP Biomedicals, LLC, Santa Ana, CA, USA) added to the drinking water to induce acute colitis. Mice were weighed daily and evaluated for clinical signs of colitis. Following 14 days of treatments, all mice were sacrificed and the colons were excised, measured and sectioned for further analysis.

### Clinical evaluation of colitis

To determine the general condition of the mice, the disease activity index (DAI) was determined, as described previously ([@b14-mmr-18-06-5652]) ([Table I](#tI-mmr-18-06-5652){ref-type="table"}). Mice were weighed daily and inspected for stool consistency, presence of blood in stool and bleeding. Alteration of body weight was determined.

### Histopathological analysis

Following 14 days of treatments, mice were sacrificed and excised colons were fixed in 4% paraformaldehyde for 24 h at 4 °C, dehydrated in a graded ethanol series (75% for 2 h, 85% for 2 h, 95% overnight, absolute ethanol for 1 h × 2 times, xylene for 10 min × 2 times) and embedded in paraffin. Subsequently, paraffin-embedded samples were sectioned (4 µm) and stained with hematoxylin and eosin (H&E) at room temperature (0.2% hematoxylin staining for 5 min and 0.5% eosin staining for 5 min). Inflammation was graded from 0 to 4, as described previously ([@b15-mmr-18-06-5652]). To evaluate the severity of inflammation, 9 randomly selected fields (magnification, ×200) were inspected in each section with an inverted fluorescence microscope by two pathologists blinded to the experimental groups. Histological damage was assessed by inflammation, lesion depth, crypt destruction score and lesion range score. The mean score was taken as a histological score for colonic tissue injury.

### RNA isolation and reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

Total RNA was extracted using the TRIzol^®^ reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) from mouse tissue segments (\~5 mm long) and was reverse transcribed into cDNA with PrimeScript™ RT reagent kit with gDNA Eraser (Takara Bio, Inc., Otsu, Japan). qPCR was performed using the SYBR PremixEx Taq™ II (Takara Bio, Inc., Otsu, Japan) on a Real-Time PCR System (GeneAmp PCR System 9600, PerkinElmer, Inc., Waltham, MA, USA) under the following cycling conditions: Initial denaturation at 95°C for 30 sec; followed by 40 cycles of 95°C for 5 sec and 60°C for 30 sec. Melting curve analysis was performed to ensure amplification of single PCR products. β-actin was used as an endogenous control. All experiments were performed in triplicate. Reactions with no template were included as negative controls. Relative mRNA expression levels of target genes were calculated using the 2^−ΔΔCq^ method ([@b16-mmr-18-06-5652]). Results were expressed as a fold-change relative to the control animals. Primers were synthesized by Sangon Biotech Co., Ltd., (Shanghai, China; [Table II](#tII-mmr-18-06-5652){ref-type="table"}).

### Western blotting

Western blotting was used to detect protein expression levels. The appropriate volume of radioimmunoprecipitation assay buffer (Beyotime Institute of Biotechnology, Shanghai, China) and 1% phenylmethylsulfonyl fluoride was added to the colon tissues according to their size (\~5 mm long) and the tissues were homogenized on ice, following the manufacturer\'s protocol. The lysates were centrifuged at 12,000 × g for 15 min at 4°C, and the supernatants were collected. The protein concentrations were determined using a BCA protein concentration determination kit (Beyotime Institute of Biotechnology). Equal amounts (50 µg) of each protein sample were separated by SDS-PAGE (5% concentrated gel and 10% separating gel) under denaturing conditions, followed by transfer to polyvinylidene fluoride membranes (EMD Millipore, Billerica, MA, USA). The membranes were blocked in TBS + Tween-20 buffer (0.05% Tween-20) containing 5% skimmed milk for 2 h at room temperature and subsequently incubated overnight at 4°C with the following primary antibodies: Mouse monoclonal anti-human occludin (1:1,000; cat. no. 611090; BD Biosciences, Franklin Lakes, NJ, USA); rabbit polyclonal anti-human claudin-1 (1:1,000; cat. no. 4933S; Cell Signaling Technology, Inc., Danvers, MA, USA); mouse monoclonal anti-human HIF-1α (1:200; cat. no. ab1; Abcam, Cambridge, UK); mouse monoclonal anti-human epithelial (E)-cadherin (1:5,000; cat. no. 610404; BD Biosciences); rabbit polyclonal anti-human vimentin (1:2,000; cat. no. 5741S; Cell Signaling Technology, Inc.); rabbit polyclonal anti-human HIF-2α (1:500; cat. no. ab199; Abcam); mouse monoclonal anti-human vascular endothelial growth factor (VEGF; 1:200; cat. no. sc7269; Santa Cruz Biotechnology, Inc., Dallas, TX, USA); mouse monoclonal anti-human β-actin (1:6,000; cat. no. ZM0001, OriGene Technologies, Inc., Beijing, China). β-actin was used as an endogenous control. Following repeated washes with TBS-T buffer, the membranes were incubated with horseradish peroxidase-conjugated goat anti-rabbit secondary antibody (1:5,000; cat. no. ZF-0316; OriGene Technologies, Inc.) or goat anti-mouse secondary antibody (1:5,000; cat. no. ZF-0312; OriGene Technologies, Inc.) for 2 h at room temperature. Protein bands were visualized using the Western Lightning Chemiluminescence Reagent Plus kit (PerkinElmer, Inc.) and detected using a Bio-Imaging System (BioTek Instruments, Inc., Winooski, VT, USA). The levels of protein expression were quantified by ImageJ software version 1.8.0 (National Institutes of Health, Bethesda, MD, USA) and normalized to the endogenous control. All of the experiments were performed in triplicate.

### Immunohistochemical analysis

Paraffin-embedded sections (4 µm) were heated for 45 min at 60°C and then deparaffinized in xylene, and rehydrated in a graded alcohol series. Antigen retrieval was performed by boiling the sections in 0.01 M citrate buffer for 20 min and pretreated with 3% hydrogen peroxide in PBS buffer to quench the endogenous peroxidase. Following blocking with 10% goat serum (Beyotime Institute of Biotechnology) at 37°C for 30 min, sections were incubated with primary antibodies (1:100) at 4°C overnight, followed by washing three times with PBS. The primary antibodies were: Mouse monoclonal anti-human occludin (cat. no. 611090; BD Biosciences); rabbit polyclonal anti-human claudin-1 (cat. no. 4933S; Cell Signaling Technology, Inc.); mouse monoclonal anti-human HIF-1α (cat. no. ab1; Abcam); mouse monoclonal anti-human epithelial (E)-cadherin (cat. no. 610404; BD Biosciences); rabbit polyclonal anti-human vimentin (cat. no. 5741S; Cell Signaling Technology, Inc.); rabbit polyclonal anti-human HIF-2α (cat. no. ab199; Abcam); mouse monoclonal anti-human vascular endothelial growth factor (VEGF; cat. no. sc7269; Santa Cruz Biotechnology, Inc.). Secondary antibodies \[SignalStain^®^ Boost IHC Detection Reagent (HRP, Rabbit), cat. no. 8114S, or SignalStain^®^ Boost IHC Detection Reagent (HRP, Mouse) cat. no. 8125S; Cell Signaling Technology, Inc.\] were added and incubated at room temperature for 1 h. Signals were detected using the Diaminobenzidine Substrate kit (Maxim Biotech, Inc., Rockville, MD, USA). Counterstaining with 0.2% hematoxylin was performed for 2 min at room temperature and the sections were dehydrated in a graded ethanol series (75% for 2 h, 85% for 2 h, 95% overnight, absolute ethanol for 1 h × 2 times, xylene for 10 min × 2 times). To evaluate the staining results, 9 randomly selected fields (magnification, ×200) were inspected in each section using an inverted fluorescence microscope by two pathologists blinded to the experimental groups.

### Statistical analysis

Data were analyzed with GraphPad Prism 6.0 software (GraphPad Software, Inc., La Jolla, CA, USA). Results are presented as the mean ± standard deviation. Differences between the groups were analyzed by analysis of variance, followed by a least significant difference test. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### S. boulardii ameliorates the symptoms of DSS-induced colitis in mice

The effects of *S. boulardii* in mice with DSS-induced colitis were investigated. The mice treated with DSS developed clinical signs of colitis, which included anorexia, lethargy, diarrhea, rectal bleeding and a loss of body weight. Whether pretreatment with *S. boulardii* improved the clinical symptoms of DSS-induced colitis was investigated. Mice in the *Sb*+DSS group were administered *Sb* (150 mg/kg, 0.2 ml) by gavage for 14 consecutive days and DSS was administered in the water from day 8. Mice in the NS+DSS group were administered 0.2 ml NS by gavage as the negative control. DSS treatment significantly increased the DAI score and resulted in notable weight loss compared with the Control-treated mice (P\<0.05; [Fig. 1A and B](#f1-mmr-18-06-5652){ref-type="fig"}, respectively). NS-treatment alone did not significantly alter the symptoms of DSS-induced colitis or weight loss ([Fig. 1](#f1-mmr-18-06-5652){ref-type="fig"}). *S. boulardii* treatment significantly decreased DAI scores and reduced the weight loss induced by DSS in the *Sb*+DSS mice compared with mice in the DSS group (P\<0.05; [Fig. 1](#f1-mmr-18-06-5652){ref-type="fig"}). Additionally, administration of *S. boulardii* alone exhibited no effect on body weight and DAI score (P\>0.05), which indicated that *S. boulardii* was safe to administer to mice. These results demonstrated that oral administration of *S. boulardii* may ameliorate the symptoms of DSS-induced colitis in mice.

### S. boulardii reduces histological damage in colitis model mice

H&E staining of colon tissues was performed to analyze the histological features of DSS-induced colitis ([Fig. 2A](#f2-mmr-18-06-5652){ref-type="fig"}). The Control and *Sb* groups exhibited healthy intestinal mucosa with no inflammatory infiltration in the mucosal, submucosal or muscular layers ([Fig. 2A](#f2-mmr-18-06-5652){ref-type="fig"}), which suggested that daily *S. boulardii* treatment did not alter gut mucosal morphology. Histological examination of colons from mice with DSS-induced colitis exhibited multifocal areas of mucosal erosion, epithelial cell injury and significant mucosal infiltration of neutrophils ([Fig. 2A](#f2-mmr-18-06-5652){ref-type="fig"}). However, these histological signs were reduced in mice that were treated with *S. boulardii*, with a reduction in the inflammatory activity and neutrophil infiltration. These results suggested that *S. boulardii* may suppress the development of inflammation induced by DSS treatment. Furthermore, histological scoring was performed for histological scoring of IBD severity ([Fig. 2B](#f2-mmr-18-06-5652){ref-type="fig"}). The histological scores of the DSS-treated group were significantly increased compared with the Control at day 14, whereas the histological score was significantly reduced in the *Sb*+DSS group compared with the DSS-only group (P\<0.05; [Fig. 2B](#f2-mmr-18-06-5652){ref-type="fig"}); no significant difference was identified in the NS+DSS group compared with DSS-only.

### S. boulardii protects the colon mucosal barrier in mice with DSS-induced colitis

Destruction of the colon mucosal barrier serves an important role in the development of IBD ([@b17-mmr-18-06-5652]). To determine whether *S. boulardii* protected the colon mucosal barrier, the expression of tight junction proteins were examined, including occludin and claudin-1, which are important for colon mucosal barrier function. Results from RT-qPCR demonstrated that the expression of occludin mRNA was decreased in the DSS-treated groups compared with the Control group (P\<0.05; [Fig. 3A](#f3-mmr-18-06-5652){ref-type="fig"}). Colitis model mice co-treated with *S. boulardii* exhibited a significant increase in occludin mRNA expression levels compared with DSS-only treated mice (P\<0.05); treatment with *S. boulardii* alone had no effect on occludin mRNA expression. There was no significant difference in claudin-1 mRNA expression levels in the colon tissues of mice with DSS-induced colitis (P\<0.05; [Fig. 3B](#f3-mmr-18-06-5652){ref-type="fig"}); however, whereas co-treatment with *S. boulardii* significantly increased claudin-1 expression levels compared with the Control and DSS groups. Similar effects were observed in the *Sb*-only treated mice. The protein distribution of occludin and claudin-1 was investigated by immunohistochemistry. *S. boulardii* ameliorated the DSS-induced decrease in occludin and claudin-1 in the adjacent epithelial cells of the colon epithelium of mice with DSS-induced colitis ([Fig. 3C](#f3-mmr-18-06-5652){ref-type="fig"}). The protein expression levels of occludin and claudin-1 were analyzed by western blotting ([Fig. 3D](#f3-mmr-18-06-5652){ref-type="fig"}). *S. boulardii* co-treatment ameliorated the decrease in occludin and claudin-1 protein levels in the colon of mice with DSS-induced colitis, with a significant difference in occludin expression ([Fig. 3D](#f3-mmr-18-06-5652){ref-type="fig"}). In the *Sb*+DSS group, claudin-1 mRNA expression was significantly higher compared with the Control and DSS group, whereas no significant differences were observed in claudin-1 protein expression levels between the same groups. This suggested that DSS damages claudin-1 at the protein level.

### Effects of S. boulardii on the expression of HIF-1α and several EMT-associated markers in the colon tissues of colitis model mice

HIF-1α serves an important and complex regulatory role in the course of IBD ([@b18-mmr-18-06-5652]). To investigate whether *S. boulardii* affected HIF-1α, HIF-1α expression levels were examined in the colon tissues of mice. Results from RT-qPCR demonstrated no significant differences in the mRNA expression levels of HIF-1α in the colon tissues of the DSS group compared with the Control group ([Fig. 4A](#f4-mmr-18-06-5652){ref-type="fig"}); similar results were observed in the NS+DSS mice. Conversely, HIF-1α mRNA expression levels in the *Sb*+DSS and *Sb* groups were significantly decreased compared with the Control and DSS-only groups (P\<0.05; [Fig. 4A](#f4-mmr-18-06-5652){ref-type="fig"}). Immunohistochemical analysis demonstrated a dispersed distribution of HIF-1α in the colon tissues of the Control and *Sb* groups ([Fig. 4B](#f4-mmr-18-06-5652){ref-type="fig"}). However, the nuclear HIF-1α staining was significantly increased in the DSS and NS+DSS groups, compared with the Control tissues (P\<0.05); whereas HIF-1α expression in the colon tissues of the *Sb*+DSS group was decreased compared with the DSS group. Western blotting demonstrated that HIF-1α protein expression levels in the colon tissues of mice in the DSS and NS+DSS groups was significantly increased compared with the Control group (P\<0.05), whereas expression in the *Sb*+DSS group was significantly decreased compared with the DSS group (P\<0.05; [Fig. 4C](#f4-mmr-18-06-5652){ref-type="fig"}).

HIF-1α promotes the EMT process of colonic epithelial cells ([@b19-mmr-18-06-5652]); therefore, the mRNA and protein distribution and quantification of EMT markers (E-cadherin and vimentin) were further examined in the colon tissues. Results from RT-qPCR demonstrated that the expression levels of E-cadherin mRNA in the DSS and NS+DSS groups were significantly decreased compared with the Control group (P\<0.05; [Fig. 4A](#f4-mmr-18-06-5652){ref-type="fig"}), whereas *S. boulardii* co-treatments significantly decreased E-cadherin mRNA expression; the expression of E-cadherin mRNA was significantly increased in the *Sb* group compared with the Control group (P\<0.05). The expression of vimentin mRNA in the colon tissues of the DSS and NS+DSS groups appeared to be increased compared with the Control group, but the difference was not significant ([Fig. 4A](#f4-mmr-18-06-5652){ref-type="fig"}). *S. boulardii* co-treatment notably reduced the DSS-induced increase in vimentin mRNA expression.

Immunohistochemistry demonstrated that the E-cadherin protein expression in the colon tissues of the Control and *Sb* groups was mainly distributed between the surface and the crypt of the intestinal epithelium, whereas expression in the DSS and NS+DSS groups exhibited different degrees of expression deletion, discontinuous distribution and was completely absent in certain areas ([Fig. 4B](#f4-mmr-18-06-5652){ref-type="fig"}). E-cadherin protein expresion in the colon tissues of the *Sb*+DSS group exhibited some degree of deletion; however, this was to a lower degree compared with the DSS group. Vimentin is mainly expressed in the cytoplasm of interstitial cells. The expression of vimentin in the DSS and NS+DSS groups was notably increased compared with the Control group ([Fig. 4B](#f4-mmr-18-06-5652){ref-type="fig"}). The expression of vimentin in the *Sb*+DSS group was increased compared with the Control, but notably decreased compared with the DSS group ([Fig. 4B](#f4-mmr-18-06-5652){ref-type="fig"}).

Western blotting demonstrated that the expression levels of E-cadherin in the colon tissues of the DSS and NS+DSS groups were significanlty decreased compared with the Control group (P\<0.05; [Fig. 4C](#f4-mmr-18-06-5652){ref-type="fig"}). However, expression of E-cadherin in the colon tissue of the *Sb*+DSS group was significantly increased compared with the DSS group (P\<0.05; [Fig. 4C](#f4-mmr-18-06-5652){ref-type="fig"}). Expression of vimentin in the colon tissue of the DSS and NS+DSS groups was significantly increased compared with the Control group (P\<0.05; [Fig. 4C](#f4-mmr-18-06-5652){ref-type="fig"}), whereas expression of vimentin in the *Sb*+DSS group was significantly decreased compared with the DSS group (P\<0.05; [Fig. 4C](#f4-mmr-18-06-5652){ref-type="fig"}).

Taken together, these data indicated that administration of S. *boulardii* reduced expression of HIF-1α and affected the expression of several EMT-associated markers during experimental colitis.

### Effect of S. boulardii on HIF-2α and VEGF expression in colon tissues of colitis model mice

HIF-2α is an important transcription factor in the pathogenesis of colitis and may increase the expression of proinflammatory factors ([@b2-mmr-18-06-5652]). To investigate whether *S. boulardii* affected HIF-2α, HIF-2α expression levels in the colon tissues of mice were examined. Results from RT-qPCR demonstrated that the mRNA expression levels of HIF-2α were notably increased in the DSS and NS+DSS groups compared with the Control group, but the differences were not significant (P\>0.05; [Fig. 5A](#f5-mmr-18-06-5652){ref-type="fig"}). Expression of HIF-2α mRNA in colon tissues of the *Sb*+DSS group was significantly decreased compared with the DSS group. There was no significant difference identified in HIF-2α mRNA expression between the *Sb* and Control groups. Immunohistochemical analysis demonstrated a diffuse distribution of HIF-2α expression in the colon tissues of the Control and *Sb* groups ([Fig. 5B](#f5-mmr-18-06-5652){ref-type="fig"}). However, nuclear HIF-2α staining was notably increased in the DSS and NS+DSS groups; HIF-2α staining in the colon tissues of the *Sb*+DSS group was markedly decreased compared with the DSS group. Western blotting demonstrated that the protein expression levels of HIF-2α in the colon tissue of the DSS and NS+DSS groups were significantly increased compared with expression in the Control group. HIF-2α protein expression levels in the colon tissues of the *Sb*+DSS group were significantly decreased compared with the DSS group (P\<0.05; [Fig. 5C](#f5-mmr-18-06-5652){ref-type="fig"}).

HIF-2α regulates expression of VEGF, which is the main regulator of hypoxia-induced neovascularization ([@b20-mmr-18-06-5652]). Protein distribution and quantification of VEGF was examined. Immunohistochemical analysis demontrated that VEGF was expressed in the cytoplasm of neovascular endothelial cells ([Fig. 5B](#f5-mmr-18-06-5652){ref-type="fig"}). Expression of VEGF in the colon tissue of the Control group was low, but was markedly increased in the DSS and NS+DSS groups ([Fig. 5B](#f5-mmr-18-06-5652){ref-type="fig"}). Expression of VEGF in the *Sb*+DSS group was notably decreased compared with the DSS group. VEGF expression in the *Sb* group was similar to that in the Control group. Western blotting demonstrated that the expression of VEGF in the colon tissues of the Control group was low, whereas protien expression levels of VEGF in the DSS and NS+DSS groups was significantly increased comapared with the Control (P\<0.05; [Fig. 5C](#f5-mmr-18-06-5652){ref-type="fig"}). VEGF expression levels in the *Sb*+DSS group was significantly decreased compared with the DSS group (P\<0.05); the expression of VEGF in the *Sb* group was similar to that in the Control group.

Discussion
==========

IBD is a serious health problem worldwide. Although pharmaceutical approaches to disease control have improved in recent years, there remain a series of problems including adverse effects, poor patient compliance and relapse. Therefore, effective and improved strategies are urgently needed to treat IBD.

Probiotics are defined as living microorganisms that, when administered in adequate amounts, confer a health benefit to the host ([@b21-mmr-18-06-5652]). Probiotics have been investigated as a therapeutic approach in a range of disorders, including IBD and other intestinal problems ([@b10-mmr-18-06-5652],[@b22-mmr-18-06-5652]). *S. boulardii*, a non-pathogenic probiotic yeast, has been used worldwide for several decades to protect against intestinal injury and inflammation ([@b9-mmr-18-06-5652]). One previous study demonstrated that daily use of 750--1,000 mg *S. boulardii*, with continuous application for 6 months, significantly reduced the recurrence of Crohn\'s disease ([@b13-mmr-18-06-5652]). However, the underlying mechanism is complex and not completely understood. In the present study, *S. boulardii* was used to determine its bioactivity in mice with DSS-induced colitis. Experimental colitis induced by DSS in mice is thought to share a number of important characteristics with forms of human IBD. It has been demonstrated that administration of DSS in mice leads to body weight loss, epithelial cell inflammation, mucosal ulceration, neutrophil infiltration, colon shortening and bloody diarrhea, which are similar to the signs observed in ulcerative colitis in humans ([@b15-mmr-18-06-5652]).

The present study examined the general condition of the colitis model mice, as well as alterations in body weight, and DAI and histological scores. DAI and histological scores were the highest in the DSS group, and infiltration of inflammatory cells was similar to that of ulcerative colitis. DAI and histological scores in the NS+DSS groups were similar to those in the DSS group, indicating that NS alone did not alter the symptoms of DSS-induced colitis. The *Sb*-only group demonstrated no effects on body weight, no microscopic alterations in the colon tissue and no adverse effects, which indicated that *S. boulardii* supplementation did not negatively affect mice. Model mice co-treated with *Sb* demonstrated that *S. boulardii* may alleviate colitis symptoms, including intestinal bleeding, loose stools and body weight loss, and may reduce damage of the colon tissue.

Destruction of the colon mucosal barrier serves an important role in the development of IBD ([@b17-mmr-18-06-5652]). The expression of tight junction proteins, including occludin and claudin-1, was examined by RT-qPCR, immunohistochemistry and western blotting. *S. boulardii* demonstrated a protective effect on the colon mucosal barrier. This is consistent with the results of a previous study ([@b23-mmr-18-06-5652]).

The underlying mechanism was further examined in the present study, as the precise etiology of IBD is unknown. Hypoxia serves an important role in the inflammatory and injury response ([@b2-mmr-18-06-5652]). Hypoxic stress that occurs when cellular oxygen demand is higher than its supply is common in tissues faced with infection and inflammation ([@b24-mmr-18-06-5652]). The HIF complex is a key transcription factor for cellular adaption to low oxygen tension ([@b25-mmr-18-06-5652]). HIF-1α and HIF-2α can bind to the same canonical hypoxia response elements; however, they regulate a distinct subset of genes. HIFs serve an important role in adaptation to the hypoxic environment, but may also lead to metabolic disorders and a variety of pathophysiological alterations ([@b2-mmr-18-06-5652]). One previous study demonstrated that HIF-1α and HIF-2α are strongly activated in IBD patients ([@b2-mmr-18-06-5652]). The present study examined whether *S. boulardii* affected HIFs. The results indicated that HIF-1α was activated by inflammation. This is consistent with previous studies ([@b2-mmr-18-06-5652],[@b4-mmr-18-06-5652],[@b26-mmr-18-06-5652]). The results also indicated that *S. boulardii* reduced inflammation by inhibiting expression of HIF-1α. Expression of HIF-1α mRNA did not increase in the DSS group, indicating that DSS may regulate HIF-1α at the protein rather than transcription level. However, HIF-1α mRNA expression in the *Sb*+DSS group was decreased compared with the Control group, indicating that *S. boulardii* reduced the protein level of HIF-1α by affecting its mRNA expression levels.

Hypoxia can promote cell EMT through a variety of signaling pathways ([@b27-mmr-18-06-5652]). EMT is a dynamic biological process in which polarized epithelial cells lose their epithelial characteristics and exhibit phenotypes of mesenchymal cells. A previous study demonstrated that EMT serves an important role in the pathogenesis of IBD ([@b28-mmr-18-06-5652]). Therefore, inhibition of EMT has the potential to improve the clinical symptoms of IBD. Hypoxia-stabilized HIF-1α has been demonstrated to upregulate EMT-associated transcription factors, including TWIST and Snail ([@b29-mmr-18-06-5652],[@b30-mmr-18-06-5652]) indicating that HIF-1α serves a critical role in hypoxia-induced EMT. E-cadherin and vimentin expression was examined in the present study to evaluate EMT progression. mRNA and protein expression levels of E-cadherin and vimentin were altered. Expression of E-cadherin mRNA and protein in the DSS group was decreased compared with the Control group. This is consistent with previous studies ([@b31-mmr-18-06-5652],[@b32-mmr-18-06-5652]). However, co-treatment with *S. boulardii* ameliorated this reduction. Expression of vimentin mRNA and protein in the DSS group was increased compared with the Control group. This is consistent with previous studies ([@b33-mmr-18-06-5652],[@b34-mmr-18-06-5652]). However, *S. boulardii* co-treatment ameliorated this increase. The present study indicated that *S. boulardii* ameliorated EMT of the colon tissue epithelial cells. Since EMT serves an important role in the pathogenesis of IBD, inhibition of EMT has the potential to improve the clinical symptoms of IBD, thereby controlling inflammation.

HIF-2α is a transcription factor that activates inflammatory mediators in the colon epithelium, including tumor necrosis factor-α, to promote the development of colitis in mice ([@b35-mmr-18-06-5652]). In the present study, expression of HIF-2α protein in colon tissue of the DSS group was increased compared with the Control group, which indicated that HIF-2α was activated by inflammation. Expression of HIF-2α mRNA and protein in the colon tissues of the *Sb*+DSS group was decreased compared with the DSS group, indicating that *S. boulardii* may reduce inflammation by inhibiting expression of HIF-2α.

During inflammation and hypoxia, angiogenesis is induced to compensate for poor oxygenation; however, this may result in aberrant vasculature and contribute to the pathogenesis of chronic inflammation ([@b24-mmr-18-06-5652]). VEGF can promote neovascularization. A previous study demonstrated that VEGF is an important mediator for IBD and promotes small bowel angiogenesis and inflammation ([@b36-mmr-18-06-5652]). Overexpression of VEGF in DSS-induced colitis may aggravate the condition, whereas overexpression of soluble VEGF receptor, which can block VEGF, is beneficial. Therefore, inhibition of the VEGF/VEGF receptor pathway can reduce intestinal inflammation in IBD patients ([@b37-mmr-18-06-5652]). HIF-2α regulates expression of VEGF and is a major regulator of hypoxia-induced neovascularization ([@b38-mmr-18-06-5652],[@b39-mmr-18-06-5652]). In the present study, expression of VEGF protein in the DSS group was increased compared with the Control group, and *S. boulardii* co-treatment ameliorated this increase. *S. boulardii* may reduce VEGF expression in the DSS-induced colitis to a certain extent, thereby reducing inflammation.

In conclusion, the present study demonstrated that *S. boulardii* may alleviate DSS-induced colitis, inhibit the expression of HIF-1α and HIF-2α, and inhibit EMT and VEGF expression. It was hypothesized that *S. boulardii* may inhibit EMT progression via reducing HIF-1α expression in DSS-treated mice. However, more detailed studies are needed to further elucidate the specific mechanism of HIF-1α regulating EMT progression in IBD, including *in vivo* and *in vitro* experiments. By observing the effect of *S. boulardii* on HIFs, our study may reveal a new mechanism by which *S. boulardii* yeast works. Further investigations are necessary to identify the underlying mechanism of the therapeutic effects of *S. boulardii*, in order to improve IBD treatment.
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DSS

:   dextran sulfate sodium

EMT

:   epithelial- mesenchymal transition

HIF

:   hypoxia-inducible factor

IBD

:   inflammatory bowel disease

VEGF

:   vascular endothelial growth factor

![Effects of *Saccharomyces boulardii* on the clinical symptoms in mice with DSS-induced colitis. (A and B) Mice were orally administered *S. boulardii* (150 mg/kg) for 14 consecutive days and treated with DSS from day 8, and the effects of *S. boulardii* on clinical symptoms in DSS-induced colitis was assessed by measuring the alterations of body weight and DAI. (A) DAI scores at day 14. *Sb* co-treatment reduced DAI scores in mice with DSS-induced colitis. (B) Alterations in body weight at days 7--14. *Sb* ameliorated weight loss in mice with DSS-induced colitis. Results are presented as the mean ± standard deviation; n=10; \*P\<0.05 vs. Control; ^\#^P\<0.05 vs. DSS. DAI, disease activity index; DSS, dextran sulfate sodium; NS, normal saline; *Sb, Saccharomyces boulardii*.](MMR-18-06-5652-g00){#f1-mmr-18-06-5652}

![Effects of *Saccharomyces boulardii* on histological damage in colitis model mice. (A) Histological features of the colon tissues at day 14 in (a) the Control group; (b) the DSS group; (c) the *Sb*+DSS group; (d) the NS+DSS group; and (e) the *Sb* group; magnification, ×200. (B) The histological scores were calculated and presented as the mean ± standard deviation; n=10. *S. boulardii* ameliorated histological damage and reduced histological scores in mice with DSS-induced colitis. \*P\<0.05 vs. Control; ^\#^P\<0.05 vs. DSS. DSS, dextran sulfate sodium; NS, normal saline; *Sb, Saccharomyces boulardii*.](MMR-18-06-5652-g01){#f2-mmr-18-06-5652}

![Effects of *Saccharomyces boulardii* on the colon mucosal barrier in colitis model mice. mRNA expression levels of (A) occludin and (B) claudin-1 in colonic tissues was measured by reverse transcription-quantitative polymerase chain reaction. Results were reported as fold-change relative to the Control group and expressed as the mean ± standard deviation; n=10; \*P\<0.05 vs. Control group; ^\#^P\<0.05 vs. DSS. (C) The protein distribution of occludin and claudin-1 was examined by immunohistochemistry. Scale bar = 50 µm. (D) Protein expression levels of occludin and claudin-1 were analyzed by western blotting; β-actin was used as a loading control and for normalization. Results are presented as the mean ± standard deviation; n=10; \*P\<0.05 vs. Control; ^\#^P\<0.05 vs. DSS. DSS, dextran sulfate sodium; NS, normal saline; *Sb, Saccharomyces boulardii*.](MMR-18-06-5652-g02){#f3-mmr-18-06-5652}

![Effects of *Saccharomyces boulardii* on HIF-1α and epithelial-mesenchymal transition-associated marker expression in the colon tissue of colitis model mice. (A) mRNA expression levels of HIF-1α, E-ca and Vim in the colon tissues were measured by reverse transcription quantitative polymerase chain reaction. Results were reported as fold-change relative to the control group and expressed as the mean ± standard deviation; n=10; \*P\<0.05 vs. Control; ^\#^P\<0.05 vs. DSS. (B) Protein distribution of HIF-1α, E-ca and Vim as detected by immunohistochemistry. (C) Protein expression levels of HIF-1α, E-ca and Vim were analyzed by western blotting; β-actin was used as a loading control and for normalization. Data are presented as the mean ± standard deviation; n=10; \*P\<0.05 vs. Control; ^\#^P\<0.05 vs. DSS. DSS, dextran sulfate sodium; E-ca, epithelial cadherin; HIF, hypoxia inducible factor; NS, normal saline; *Sb, Saccharomyces boulardii*; Vim, vimentin.](MMR-18-06-5652-g03){#f4-mmr-18-06-5652}

![Effects of *Saccharomyces boulardii* on HIF-2α and VEGF expression in the colon tissue samples of colitis model mice. (A) mRNA expression levels of HIF-2α in the colon tissues were measured by reverse transcription-quantitative polymerase chain reaction. Results were reported as fold-change relative to the Control group and expressed as the mean ± standard deviation; n=10; ^\#^P\<0.05 vs. DSS. (B) Protein distribution of HIF-2α and VEGF as detected by immunohistochemistry. Scale bar = 50 µm. (C) Protein expression levels of HIF-2α and VEGF were analyzed by western blotting; β-actin was used as a loading control and for normalization. Data are expressed as the mean ± standard deviation; n=10; \*P\<0.05 vs. Control; ^\#^P\<0.05 vs. DSS. DSS, dextran sulfate sodium; HIF, hypoxia inducible factor; NS, normal saline; *Sb, Saccharomyces boulardii*; VEGF, vascular endothelial growth factor.](MMR-18-06-5652-g04){#f5-mmr-18-06-5652}

###### 

Disease activity index.^[a](#tfn1-mmr-18-06-5652){ref-type="table-fn"}^

  Stool consistency   Bleeding   Weight loss (%)   Score
  ------------------- ---------- ----------------- -------
  Normal              Normal     None              0
                                 1--5              1
  Loose stools        Occult     5--10             2
                                 10--15            3
  Diarrhea            Gross      \>15              4

Disease activity index = (weight loss + stool consistency + bleeding) / 3.

###### 

Primer sequences used for reverse transcription-quantitative polymerase chain reaction.

  Gene        Primer sequence (5′→3′)
  ----------- ---------------------------
  Occludin    F: TACGGAGGTGGCTATGGAG
              R: AGGAAGCGATGAAGCAGAAG
  Claudin-1   F: TGGGAGGTGTCCTACTTTCCT
              R: TTCCGATAACCATCATCAACAG
  β-actin     F: GAGACCTTCAACACCCCAGC
              R: ATGTCACGCACGATTTCCC
  HIF-1α      F: GCGATGACACAGAAACTGAAGA
              R: TTCCGATGAAGGTAAAGGAGAC
  HIF-2α      F: AGCAGTTGGAAAGCAGGAAG
              R: GCCGAAATGTAATGGTGGAT

E, epithelial; F, forward; HIF, hypoxia inducible factor; R, reverse.
